Introduction
Brucella abortus (B. abortus) is a zoonotic pathogen and one of the causative agents of brucellosis, which causes lifethreatening symptoms and has socio-economic impacts on humans and animals [1] . Brucella spp. infections in humans usually occur through ingestion of unpasteurized milk or other cattle products and inhalation of contaminated air [2, 3] . Brucella abortus is an aerobic, non-motile, non-sporeforming and gram-negative bacterium [4] . Notably, B. abortus does not possess pathogenic factors such as plasmids, exotoxins, cell lysates, or capsules, which are used to recognize infection [5, 6] . Global challenges to B. abortus research include rapid detection and early treatment because it can survive and replicate through its ability to modulate host cell functions within the host cells [5, 7] . During B. abortus infection, macrophages, dendritic cells and trophoblasts are mainly targeted to replicate and survive in the host [8] . Particularly, macrophages have been shown to be significant in host defences and elimination of Brucella infection producing pro-inflammatory cytokines such as tumour necrosis factor-alpha (TNF-α), IL-6 and interferon-gamma (IFN-γ) [9] [10] [11] . THP-1 macrophages have been widely applied for research in Brucella spp. studies such as cell internalization, intracellular growth and gene expression during the bacterial infection [12] [13] [14] . However, because of its ability to evade the immune system and survive in the macrophages, B. abortus leads to Brucella abortus can survive and replicate within host macrophages, and great efforts have been made to demonstrate the genes involved in pathogenicity, such as internalization, in Brucella research. Here, intracellular responses were compared between THP-1 macrophage cells stimulated with B. abortus wild-type and four mutants (C1, C10, C27, and C32) using microarray to demonstrate the role of genes related to intracellular survival and replication. These mutants were generated by deleting genes encoding BAB_RS13225 (4-hydrobenzoate 3-monooxygenase, PHBH), BAB_RS00455 (heme exporter protein cytochrome C, CcmC), BAB_RS03675 (exopolyphosphatase, PPX), and BAB_RS13225 (peptidase M24). The results showed that mutants C1 and C10 induced significant suppression of survival levels and cytokine expression relative to wild-type in the THP-1 macrophage cells. These findings suggest that the BAB_RS13225 and BAB_RS00455 genes play important roles in survival within human macrophages. Conversely, mutants C27 and C32 induced significantly higher survival level than wild-type in the cells inhibiting cellular signal transduction. It is assumed that the BAB_RS03675 and BAB_RS13225 genes play a role in cellular resistance to B. abortus. Therefore, the disrupted genes are involved in B. abortus intracellular growth, and especially in its survival, and they could be effective targets for understanding the intracellular bacterium, B. abortus.
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Over the years, many studies have identified gene functions via generation of a single gene mutation [15] [16] [17] [18] . Previously, we constructed B. abortus mutants using transposons [17] , and the characteristics, including growth rate, biochemical test, and biovar of mutants were analyzed [19] . In this study, four B. abortus mutants (C1, C10, C27, C32) were inoculated into differentiated THP-1 macrophage cells to find out the genes related to B. abortus internalization in the macrophages. The mutated genes of the selected mutants were revealed as BAB_RS13225 (4-hydrobenzoate 3-monooxygenase, PHBH), BAB_RS00455 (heme exporter protein cytochrome C, CcmC), BAB_RS03675 (exopolyphosphatase, PPX), and BAB_RS13225 (Peptidase M24) through genomic DNA sequencing. Additionally, transcriptomic analysis was conducted to observe cellular immune responses of host cells after mutants were infected. The PHBH catalyzes oxidative and reductive reactions between 4-hydroxybenzoate and 3,4-dihydroxybenzoate [20] , with the latter also being known as protocatechuic acid (PCA), which mediates entry into the Krebs cycle [21] . CcmC is a well-known protein supporting mitochondrial life during cellular emergency [22] , and PPX participates in the regulation of various cellular processes, such as cell growth, proliferation and intracellular survival in several Gram-negative bacteria [23] [24] [25] . Peptidase M24 plays a role in transcription initiation within the organism [26] . The intracellular survival of these four mutants and gene expression of mutant-infected THP-1 macrophage cells showed significant alteration compared to that of wildtype. The research presented herein may contribute to understanding these gene functions related to the intracellular survival of B. abortus.
Materials and Methods

Bacterial Strains and Cell Lines
The Brucella abortus 1119-3 strain as a wild-type strain was kindly provided by the Animal and Plant Quarantine Agency in Korea. Mutants of B. abortus were generated by electroporation using the EZ-Tn5TM Transposome complex (Epicentre R Biotechnologies, USA) [17] . Single mutation induced by insertion of the transposon was confirmed by PCR and Southern blot analyses, and high-throughput gDNA sequencing. The bacterium was cultured in Brucella broth and agar (Difco, USA), and kanamycin (30 μg/ml) was added into the media. The THP-1 human leukaemic monocyte cell line from Korea Cell Line Bank (KCLB, Korea) was grown at 37°C in humidified air under 5% CO 2 in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and antibiotic-antimycotic solution (Sigma, USA). THP-1 cells were differentiated into macrophages by stimulation with phorbol-12-myristate-13-acetate (PMA; Sigma, USA) (50 ng/ml) for 72 h, washed with RPMI 1640 medium and incubated in 5% FBS-RPMI 1640 medium without antibiotics for 24 h before the experiments. All procedures were approved by the Seoul National University Institutional Biosafety Committee (SNUIBC-R160314-1-1) .
Selection of B. abortus Mutants
Prior to starting the experiment, four mutants were selected based on growth rate and cellular invasion into the THP-1 macrophage cells, since bacterial growth rate and initial invasion ability could be crucial to survive and replicate within the cells. The characteristics of all mutants involving growth rate, biochemical test, biovar test and expression of pathogenic factors such as VirB8 were identified [19] . The growth rate of all of mutants was measured according to optical density versus CFU, and mutants were divided into four groups based on the growth rate. In the previous study, mutants of Group 1, Group 2, and Group 3 showed increased growth rate, similar growth rate, and decreased growth rate compared to wild-type, respectively. However, mutants of group 4 were mostly defective in growth.
Then, the invasion ability of the mutants into the THP-1 macrophage cells was identified using a gentamicin protection assay as previously described [27] . Briefly, B. abortus strains were inoculated into differentiated THP-1 macrophages (2 × 10 5 cells/ml) at a multiplicity of infection (MOI) of 100:1. Following incubation of the cells for 1 h at 37°C in a 5% CO 2 atmosphere, the cells were washed with PBS and treated with gentamicin for 2 h. The cells were then lysed with lysis buffer (diluted water with 0.01% Triton X-100). Next, 25 μl of cell lysate was used for inoculation, and the CFU of each B. abortus strain was counted following incubation at 37°C for 48 h. The level of bacterial invasion was presented as the relative percentage compared to that of the wild-type when the level of wild-type was regarded as 100%. Clustering analysis was conducted using R 3.3 (R Foundation for Statistical Computing, Austria), and five cluster groups were divided according to invasion ability for classification of mutants. The mutants of Cluster 2 and Cluster 5 showed decreased and increased invasion rate compared to wild-type, respectively. In addition, mutants of Cluster 3 and Cluster 4 showed similar invasion rate to wild-type. However, mutants of Cluster 1 proved to be mostly defective in invasion ability. All experiments were carried out three times.
Intracellular Growth, Survival and Replication of B. abortus Mutants within the THP-1 Macrophage Cells
Using the selected four mutants, intracellular bacterial growth and survival and replication in the THP-1 macrophage cells were investigated at different times post-infection (p.i.): 2, 6, 12, and 24 h. All experiments were expressed as CFU and carried out three times.
